INTRODUCTION
What distillers dried grain with solubles (DDGS), a coproduct of ethanol production, is primarily used as an animal feed ingredient in Canada, although other minor uses have also been explored (FOBI Network 2011) . Thus, majority of the published information on the co-product is focused on nutritional aspects and their effect on animal growth performance and carcass quality. Like corn DDGS, wheat DDGS value chains are also confronted with a number of challenges, some of which were also highlighted in a number of animal feed-related studies. Widyaratne and Zijlstra (2007) and Nuez Ortin and Yu (2009) , for example, indicated product inconsistency as among the challenges of wheat DDGS utilization. Reduced protein quality, because of adverse processing conditions employed during ethanol and DDGS production (Nyachoti et al. 2005; Widyaratne and Zijlstra 2007; Lan et al., 2008) is also a concern. The energy-intensive drying process during DDGS production is another challenge (Tang and Cenkowski 2001; Tang et al. 2005; Murphy and Power 2008) . Handling and storing such a low-density product can also be problematic (Tumuluru et al. 2010) . Unlike corn DDGS, however, where considerable work have been done to measure and understand its physical and chemical properties in relation to handling and storage issues (Rausch et al. 2005; Rosentrater 2006; Bhadra et al. 2008; Ganesan et al. 2008a; 2008b; 2008c; Liu 2008; Kingsly and Ileleji 2009; Clementson et al. 2009; Kingsly et al. 2010; Probst et al. 2013) , there is still very limited baseline information on the physico-chemical characteristics of wheat DDGS that would be essential in addressing existing challenges.
The few studies relating to the physical and chemical characteristics of wheat DDGS are limited to two categories: those investigating the effect of drying conditions and condensed distillers solubles on these characteristics and those relating to its densification. The potential of alternative drying technologies, such as the use of superheated steam (Tang et al. 2005 ) and microwave energy (Mosqueda and Tabil 2011) , had been explored to reduce energy consumption and to minimize the adverse effect of high temperature drying on the nutrient composition of DDGS. Laboratory-scale investigations were also conducted to assess the effect of forced-air convection, microwave, microwave convection drying conditions and condensed distillers solubles (CDS) level on protein quality (Mosqueda et al. 2013a) , and to assess the effect of drying air temperatures on proximate composition, physical attributes, flow properties, compression characteristics, and frictional properties of wheat DDGS (Mosqueda et al. 2013b) . There were also studies that evaluated the effect of superheated steam drying conditions and solubles level on the angle of internal friction and cohesion (Hargreaves et al. 2010 ) and on moisture diffusivity (Zielinska and Cenkowsi 2012) of distillers spent grain. These studies, however, used a mixture of corn and wheat stillage as raw material.
Furthermore, there are also a few studies that assessed the quality characteristics of pelleted wheat DDGS. Densification was seen as a more efficient way of handling this low-density material (Opoku et al. 2009; Tumuluru et al. 2010) . Opoku et al. (2009) investigated the possibility of pelleting wheat DDGS and assessed the effect of die diameter and steam conditioning on the durability of wheat DDGS pellets. Tumuluru et al. (2010) also studied the effect of process variables on the characteristics of wheat DDGS pellets produced from a single pelleting machine and a pilot-scale mill. Using wheat DDGS sourced from two Saskatchewan ethanol plants, Saha (2010) compared the effect of feed moisture content, particle size, and temperature on the physical attributes and durability of steam-conditioned and non-steam conditioned pellets intended as biofuel.
Considering this lack of published information on wheat DDGS, this study aimed to provide more baseline information on its physico-chemical characteristics that may be helpful in addressing existing production, handling, storage, and utilization challenges. Specifically, this study assessed the proximate composition of commercial wheat DDGS and examined the effect of moisture content on its particle size, bulk and particle densities, color, flow properties, compression characteristics, moisture sorption behavior, and frictional properties.
MATERIALS AND METHODS Wheat DDGS samples were obtained from Terra Grain Fuels, Inc., an ethanol plant located in Belle Plaine, Saskatchewan, in two production batches, subsequently referred to in this paper as S1 and S2. The samples were placed in tightly sealed bins and stored in a 3°C environment until these were used.
Chemical composition
The proximate composition of wheat DDGS was determined using standard AOAC procedures. Moisture content was determined using the AOAC Official Method 920.36 (AOAC 2003a 
PHYSICAL PROPERTIES
For each production batch, samples at three moisture levels were generated. To achieve lower moisture levels, wheat DDGS samples were dried at 80°C to the desired moisture content using a thermogravimetric laboratory oven. To adjust moisture to a higher level, wheat DDGS was sprayed with an appropriate amount of water while being thoroughly mixed using a cement mixer, placed into sealed plastic bags, and stored for at least 24 h at room temperature (22-23°C) before use. Moisture levels of S1 samples were 5.3%, 8.4%, and 18.4% (wb) , while those of S2 samples were 5.7%, 8.7%, and 13.2% (wb). These levels were used in the determination of basic physical attributes, flow properties, thermal properties, and compression characteristics. Moisture levels of S1 and S2 samples used in determining frictional properties were 6.9 -14.7% and 5.8 -14.0% (wb), respectively. Duplicate measurements were made for each property, unless otherwise stated. Particle size and size distribution Sieve sizes 12, 20, 30, 40, 60, 80, 100, 120, 140, 170, 200 and 230 were used for particle size analysis, following ANSI/ASAE S319.4 (ASABE 2008) . The calculated geometric mean diameter was used to represent particle size in this study. Particle size is an important characteristic to evaluate because it can affect nutrient digestibility, feed mixing efficiency, feed palatability, pellet quality, bulk density, and particle and ingredient segregation during transport and handling (Knott et al. 2004) . Clementson et al. (2009) also showed that a DDGS bulk with a large particle size distribution led to particle segregation during handling, and consequently, nutrient segregation. Liu (2008) also reported compositional variation due to size differences of particles making up the DDGS bulk. BULK AND PARTICLE DENSITY Bulk density was determined by placing the sample on a funnel and was allowed to freely flow into a 0.5 L steel cup (SWA951, Superior Scale Co. Ltd., Winnipeg, MB). The cup contents were leveled using a steel rod and weighed. Bulk density was obtained by dividing sample mass contained in the cup with the cup volume. Particle density was determined using a gas multipycnometer (QuantaChrome, Boynton Beach, FL). Bulk porosity (ε), expressed as a percentage, was determined as a function of bulk (ρ b ) and particle densities (ρ p ) using Eq. 1 below.
Assessing bulk density information is important because it directly impacts on transport and storage costs. Transporting and storing low bulk density feed ingredients, like wheat DDGS, would be more costly because of the higher spatial requirements. Color Color of the samples was determined using the HunterLab spectrocolorimeter (Hunter Associates Laboratory Inc, Reston, VA) and was expressed in terms of the Hunter L, a, and b parameters, which represent lightness, redness, and yellowness, respectively. Color was measured because it is used as a quick indicator of the protein quality of DDGS. Darker-colored DDGS is associated with heat-damaged proteins, and therefore, reduced protein quality (Fastinger et al. 2006; Batal and Dale 2006) . Flow properties Flow characteristics are important for the efficient design of material handling equipment. To assess these characteristics, the Hosokawa Micron Powder Tester PT-R (Hosokawa Micron Corp., Osaka, Japan) was used. This equipment has been used in determining the flow properties of corn DDGS (Ganesan et al. 2008a; Bhadra et al. 2009; and other materials (Hosokawa Micron Corp. n.d.) with average particle sizes larger than wheat DDGS. Flowability and floodability indices were determined based on the methodology developed by Carr (1965) . Flowability index was derived using four properties: compressibility, angle of repose, angle of spatula, and uniformity coefficient while the floodability index was determined using flowability index, angle of fall, angle of difference, and dispersibility. Each of these properties was assigned an index value, ranging from 0 to 25, based on the point score classification system developed by Carr (1965) . The component index values are summed to comprise flowability and floodability indices, which ranged from 0 (very, very poor flowability; will not flood) to 100 (excellent flowability; very floodable). Carr (1965) defined the angle of repose as the angle that a pile of material makes with the horizontal, while angle of spatula as the average of the angles formed by the material with horizontal when: (i) a flat blade (spatula) is inserted into, and lifted out of, a pile of the material, and (ii) when that blade containing the material is gently tapped. Compressibility and uniformity coefficient were calculated from measured parameters. The former is the ratio of the difference between packed and aerated bulk density values to packed bulk density while the latter is ratio of the width of sieve opening that passed 60% of the sample to width of sieve opening that passed 10% of the sample (Carr 1965) . Angle of fall was defined as the new angle of repose formed after a pile of material on a flat surface was jarred while the angle of difference is the numerical difference between the angle of repose and the angle of fall (Carr 1965) . Dispersibility refers to the percentage of material that had been dispersed or lost during a fall and is determined by dropping a 10 gram sample through a plastic cylinder from a fixed height onto a watch glass and measuring the amount collected on the watch glass (Carr 1965) . Moisture sorption behavior Wheat DDGS is subjected to varying environmental conditions during handling and storage and like any hygroscopic material, it can gain from, or lose moisture to, its surrounding environment. Determining the sorption characteristics is essential to maintain its quality during handling and storage. Sorption characteristics of wheat DDGS at two temperature (3°C, 23°C) and five relative humidity (RH) levels (50, 60, 70, 80 and 90%) were determined using the static gravimetric method. Airtight cylindrical chambers, as described by Dadgar (2005) , were used to hold the samples during the duration of the study. Each chamber contained 4 petri dishes, each holding about 0.75 g of thinly spread samples. Saturated salt solutions (magnesium nitrate, potassium iodide, sodium chloride, potassium bromide, barium chloride, and potassium nitrate) were used to maintain the RH level inside these chambers. Thymol crystals (Ganesan et al. 2008c) were placed inside these chambers to prevent microbial growth during the experiment. Sample mass, RH, and temperature within these test chambers were regularly monitored until the sample mass reached equilibrium.
Experimental data were fitted to several moisture sorption models laid out in Table 1 : Henderson, ChungPfost, Modified Halsey, Modified Oswin, Modified Smith, and Guggenheim-Anderson-deBoer (GAB) models. The first five models are empirical and predict the equilibrium moisture content (M) as a function of temperature and relative humidity. The GAB equation, on the other hand, is a three parameter, semi-theoretical model that does not incorporate the effect of temperature in predicting M (Jayas and Cenkowski 2006) . The Henderson and ChungPfost models have been used to predict the M of various grains and seeds (Stroshine 1998) and selected starches (Boki and Ono 1991) while the modified Oswin model adequately described the moisture sorption behavior of wheat (Sun and Woods 1994) and chickpea flour (Durakova et al. 2005) . The modified Halsey model described the moisture sorption isotherm of rapeseed (Sun and Byrne 1998) and was used as basis in developing the Ganesan-Muthu-Rosentrater (GMR) model for corn DDGS (Ganesan et al. 2008b) . The most suitable model was chosen using F-value, standard error of the estimate (SEE, Eq. 2) and mean relative percentage deviation (MRE, Eq. 3), F-value, and the coefficient of determination (R 2 ), as evaluation criteria (Ganesan et al. 2008c; Kingsly and Ileleji 2009) . Residual plots were also assessed.
In Eqs. 2 and 3, Y o is observed value, Y p is the predicted value, df is degrees of freedom, while N is the number of data points.
Compression characteristics Densification of wheat DDGS lowers transport and storage costs because of better spatial utilization of storage and transportation capacities, eliminates particle/nutrient segregation since pellet composition remains fixed during materials handling, and provides better flow properties (Thomas and van der Poel 1996) .
Understanding wheat DDGS compression characteristics would be essential in improving the efficiency of the densification process.
The compression characteristics of wheat DDGS samples were determined using a single pelleter (6.35 mm diameter and 135.34 mm length), heated at 90°C to simulate the pelleting conditions in commercial mills (Tumuluru et al. 2010) . A plunger of the same diameter, attached to the Instron Model 1011 testing machine (Instron Corp., Canton, MA), was used to compress 1 g samples at 4000N. Crosshead speed was set at 50 mm/min (Tumuluru et al. 2010) . Ten pellets were produced at each moisture level. Only S2, at varying moisture level, was used as feed material in pelleting.
Experimental data were fitted to the Kawakita-Ludde model (Eq. 4), which was also found to adequately describe the compression characteristics of laboratoryprepared wheat DDGS with varying CDS level (Mosqueda et al. 2013b ). This model also described the compression behavior of wheat and barley straws, corn stover, and switchgrass grinds (Mani et al. 2004) ; chopped switchgrass, wheat straw, and corn stover (Chevanan et al. 2010) , and non-treated and steam-exploded barley, canola, oat, and wheat straw samples (Adapa et al. 2010) . The model works best with soft, fluffy powders (Kawakita and Ludde 1970; Denny 2002 ) with high porosities (Denny 2002) .
In Eq. 4, P is the applied compressive pressure; C is the degree of volume reduction,C = (V o -V)/V 0 ; V 0 is the initial apparent volume, V is volume of compact at the applied pressure P (MPa); d and f are the model constants (Kawakita Ludde 1970) . At infinitely large P, the model parameter d is equal to C, and hence, it is equal to the initial porosity of the sample (Kawakita and Ludde 1970) . The reciprocal of the model parameter f (f -1 ) is related to the cohesive forces of powder particles (Kawakita and Ludde 1970) . It also correlated well with the fracture strength of single granules (Adams and McKeown 1996; Nordstrom et al. 2008) .
Pellet density was also determined by measuring the mass, length, and diameter of the resulting pellet immediately after it was extruded from the die. Specific energy consumption during compression and extrusion was estimated by calculating the area under the corresponding force-displacement curve using the trapezoidal rule and dividing it by the pellet mass. Frictional properties Handling and storage of wheat DDGS would frequently involve movement of the material across a solid surface. Knowing its frictional characteristics would be essential in the design of more efficient handling equipment and devices. A tilting table apparatus was used to determine the coefficient of static friction of wheat DDGS on stainless steel, concrete, and wood. The angle at which the material begins to slide was recorded. The coefficient of wall friction and adhesion was also determined using the Wykeham Farrance shear box apparatus (Wykeham Farrance International Ltd., Slough, U.K.), described in detail by Mani et al. (2004) 
Model name Equation
Sources: ASABE (2009) and Ganesan et al. (2008c) ; M is equilibrium moisture content, dry basis; T is temperature (°C); RH is relative humidity; A, B, C, and D are the model constants.
and Emami and Tabil (2008) . Five normal loads (100, 200, 300, 400 and 500 N) and three surfaces (galvanized steel, Teflon, and polypropylene) were used during the test. The top box, which contained the sample, was held stationary, while the lower box, which contained the test surface, moved at a constant speed of 0.4 mm⋅min -1 . Values of the friction coefficient and adhesion were obtained through regression analysis of experimental data using Eq. 5 (Mani et al. 2004; Emami and Tabil 2008) , where τ is the shear stress (kPa), σ is the normal stress (kPa), θ is the angle of wall friction, tan θ is the coefficient of wall friction, and A d is adhesion (kPa).
Statistical analysis
The one-way ANOVA procedure of SPSS 14.0 for Windows (SPSS Inc., Chicago, IL) was used to test the effect of moisture content on the physical properties of wheat DDGS as well as the effect of production batches on its physico-chemical characteristics at the same moisture level. Its general linear model univariate procedure was also used to test the effect of moisture content and type of surfaces on the static friction coefficient. Tukey's test was used to further evaluate statistically significant main effects and interactions. The regression procedure was used in fitting experimental data to selected models. All tests were conducted at 0.05 significance level. Table 2 shows the proximate composition results (dry matter basis) for the wheat DDGS samples (column 2) and compares these with some of the published results of both wheat and corn DDGS and grains (columns 3-6). For both samples, mean crude protein content varied from 38.8% to 45.1%, crude fat ranged from 3.4% to 4.9%, ash from 6.4% to 7.1%, neutral detergent fiber varied from 42.7% to 46.6%, and acid detergent fiber from 17.4 -21.1%. These results were close to the values reported by Widyaratne and Ziljstra (2007) , Nuez Ortin and Yu (2009), and Tumuluru et al. (2010) in Table 2 (columns 3-6). In comparison to the reported values of corn DDGS in Table  2 , the wheat DDGS samples had higher protein but lower fat content. This was also reported by Nuez Ortin and Yu (2009). Compositional differences between wheat and corn DDGS are attributed primarily to differences in the nutrient content between the two grains.
RESULTS and DISCUSSION Chemical composition
Proximate composition between the two wheat DDGS samples was significantly different. Sample 2 (S2) had significantly lower protein but higher fiber, ash, and fat contents compared to sample 1 (S1). These differences are primarily attributed to inherent nutrient variation of the starting wheat grains and to variation in the CDS and wet distillers' grain (WDG) blending proportions used. Differences in the varieties (soft vs. hard wheat) used, for example, could result to differing DDGS protein contents. It has also been demonstrated that variations in the CDS:WDG blending proportions result to wheat DDGS compositional differences (Mosqueda et al. 2013b ). The wheat-based CDS had higher crude protein and ash content but lower fat and fiber content than the WDG component. Thus, as CDS level in the blend increased, protein and ash content increased while fat and fiber content decreased. Processing conditions could also affect its chemical composition. Use of higher drying temperatures, for example, had affected the fat and ADF content of laboratory-prepared wheat DDGS (Mosqueda et al. 2013b) . Table 2 also presents the acid detergent insoluble crude protein (ADICP) content of the samples, which ranged from 11.8 to 18.4% of the total crude protein (dry matter basis). The values were lower than those reported by Nuez Ortin and Yu (2009) but within the range of values presented by Tumuluru et al. (2010) . ADICP content was significantly affected by sample batch, with S2 showing significantly higher values than S1. High ADICP content, which indicates high incidence of heat-damaged proteins (Cromwell et al. 1993) would adversely affect the nutritive value of wheat DDGS as an animal feed ingredient. High ADICP content could be attributed to adverse processing conditions employed during ethanol and DDGS production. Use of elevated drying air temperatures during these processes, for example, would lead to increased production of insoluble, heat-damaged protein aggregates via the Maillard reaction.
These plant-sourced samples had higher protein and ash content but lower fat and NDF content than the laboratoryprepared, forced air convection-dried wheat DDGS with 45% CDS. For the latter, Mosqueda et al. (2013b) reported 33.4 -34.3% protein, 4.9% ash, 5.2-5.7% fat, and 49.9-54.2% NDF. These suggest that the plant-sourced wheat DDGS samples may have been produced at CDS levels higher than 45% of the total blended mass (wet basis).
Physical properties
Particle size and size distribution Table 3 shows the average particle size, expressed in terms of the geometric mean diameter, while Fig.1 presents the average particle size distribution of wheat DDGS samples. Particle size varied from 0.43 mm to 0.59 mm (Table 3) . Moisture content significantly affected the particle size of S2 while it did not affect S1 particle sizes. Samples with statistically similar moisture contents (8.4% for S1 and 8.7% for S2, wet basis) did not show significant difference in their particle sizes.
Although there was no statistical difference in the average particle size between S1 and S2 at 8% moisture, their particle size distribution curves (Fig. 1) at various moisture levels show that S2, in general, had numerically smaller particle sizes compared to S1. This is illustrated in sieve sizes starting at 0.85 mm until 0.18 mm, where S2 had higher percentages of particles passing than S1. This could be attributed to differences in the CDS:WDG blending proportions used by the source ethanol plant. Mosqueda et al. (2013b) had reported decreases in particle size as CDS level was increased. Increased CDS in the blend resulted to higher percentage of finer, endospermand germ-derived solids and decreased amount of fibrous, bran-related particles.
Results of the particle analyses further supported the previously presented observation that the plant-sourced samples may have been produced at CDS levels higher than 45% of the total blended mass (wet basis). The particle sizes of the plant-sourced samples were smaller (thus, CDS level was higher) compared to those reported for laboratory-prepared samples with 15-45% CDS (Mosqueda et al. 2013b) .
The particle sizes obtained in this study were also smaller than the published values for plant-sourced corn DDGS. Bhadra et al. (2009) reported corn-based DDGS particle sizes mostly ranging above 0.5 mm, although there was one batch in one plant that had a particle size of 0.21 mm. Liu (2008) also reported DDGS particle sizes ranging from 0.43 mm to 0.95 mm in 11 dry grind ethanol plants in the U.S. Plant-scale studies on corn DDGS (Kingsly et al., 2010; Clementson and Ileleji, 2012) indicated that particle size increased with CDS level due to agglomeration during rotary drum drying. In this study, the wheat DDGS samples were obtained from a fuel ethanol plant that employed a ring dryer for DDGS production. Under this drying system, the WDGS is dispersed and conveyed through the dryer in a hot air stream at high speed. Thus, incidence of particle agglomeration was observed in the wheat DDGS samples used in this study. Different screen sizes employed during the grinding of grains could also contribute to the size differences observed between corn and wheat DDGS. Bulk and particle density Bulk density of S1 varied from 340 kg/m 3 to 380 kg/m 3 while that of S2 were from 424 kg/m 3 to 437 kg/m 3 (Table 3) . In both samples, bulk density was significantly affected by moisture content. In S1, those with higher moisture content had significantly higher bulk density than those with lower moisture content. In S2, the 13.2% moisture sample also had significantly higher bulk density than the one with 5.7% moisture. These positive linear relationships between moisture content and bulk density were statistically significant in both samples. For samples with similar moisture contents (S1 has 8.4% moisture while S2 has 8.7% moisture), S2 was significantly denser compared to S1.
Particle density values ranged from 1275 kg/m 3 to 1331 kg/m 3 (Table 3 ) and were significantly affected by moisture content. Samples with higher moisture had significantly lower particle density than those with lower moisture. This negative linear relationship was significant in both samples. For samples with statistically similar moisture contents (8.4% for S1 and 8.7% for S2, wet basis), sample 2 also had significantly higher particle density than sample 1. Differences in bulk and particle densities between the samples of the same moisture level could be attributed to differences in chemical composition and in particle sizes. Increased CDS level in the DDGS blend increased the presence of finer but heavier solids and decreased the amount of the larger but lighter, fibrous particles. These finer particles could easily move through and fill interparticle spaces within the bulk mass, resulting to a heavier and less porous bulk. Color Table 3 also shows the color parameters Hunter L, a, and b, which represent lightness, redness, and yellowness, respectively, of both samples. The lightness parameter varied from 32.4 to 37.7, redness from 7.7 to 10.2 and yellowness from 12.6 to 15.3. All three color parameters of S2 were significantly affected by moisture content. Samples with 5.7% moisture were redder and yellower than those with 13.2% moisture. The 8.7% moisture was significantly lighter than 13.2% moisture sample. In samples with statistically similar moisture content (S1 and S2 at 8% moisture level, wet basis), S2 was significantly lighter yet yellower than S1.
Observed differences in the color parameters of the two wheat DDGS samples could be attributed to variations in the CDS:WDG blending proportion and to the extent of development of Maillard reactions that may have occurred during various stages of ethanol and DDGS production. It was previously reported that as CDS level in the blend was Tukey's test at 5% significance level for S1 at varying moisture content (a, b, c) and for S2 at varying moisture content (x,y,z).
of wheat distillers dried grain with solubles at varying moisture levels (%, wet basis). Samples were obtained from a Saskatchewan ethanol plant in two production batches (S1 and S2). Values in parentheses represent standard deviation (N = 2).
Comparison between S1 and S2 properties was only made at the 8% moisture level. Values followed by same letters are not significantly different. 2 Based on Carr classification system (Carr, 1965) . (Hodge 1953; Yaylayan and Roberts 2001) . The rate of Maillard reaction is affected by such factors as temperature, time, water activity, and chemical composition (Owusu-Apenten 2004; Ames 1990 ). Higher drying temperature and drying time, for example, would increase the rate of Maillard reaction. During convective drying, the surface of the material usually dries out first, producing a crust with a low water activity and favoring Maillard reaction. Increased protein and sugar content, as a result of increasing CDS level in the blend, coupled with use of elevated drying temperatures would increase the rate of Maillard reaction and intensify color darkening in wheat DDGS. Tables 4 and 5 , respectively, show the flowability and floodability indices of wheat DDGS, including the component properties that were used in the estimation of these indices.
Flow properties
The flowability index of plant-sourced wheat DDGS ranged from 70.5 to 73.8 (Table 4) , classifying both samples as fairly flowable that may sometimes need vibration to assure flow (Carr 1965) . The results were comparable to the flowability index of laboratory-prepared wheat DDGS samples (70.5-77.5) (Mosqueda et al. 2013b) but were slightly lower than those reported for corn DDGS (79.3-82.4) (Bhadra et al. 2009 ). These values suggest that the wheat DDGS samples were slightly less flowable than corn DDGS.
The flowability index is the composite of the index values of compressibility, angle of repose, average angle of spatula, and uniformity coefficient. Compressibility values of both samples (16.7 -23.9%) fell under the passable to fair flowability categories (Carr 1965) . These were significantly affected by moisture content, with the lower moisture samples being more compressible. Angle of repose ranged from 43.4° to 45.7° while the average angle of spatula varied from 47.7° to 55.6° (Table 3) . These values indicate that both samples have passable flowability with a tendency to hang up (Carr 1965) . Only the average angle of spatula of S2 was significantly affected by moisture content. In terms of uniformity coefficient, the values ranged from 2.9 to 4.7 (Table 4) and both samples were classified as materials having excellent flowability (Carr 1965) . Uniformity coefficients of both samples were not significantly affected by moisture content. Comparison between samples with statistically similar moisture contents (S1 and S2 at 8% moisture levels) showed that S2 was significantly more sizedifferentiated than S1. This could be attributed to differences in CDS:WDG blending proportions. Samples with higher CDS levels tended to be finer than those with lower CDS.
The floodability index, on the other hand, varied from 60.1 to 64.0 (Table 5) , classifying both plant-sourced samples as floodable and would require the use of appropriate measures, such as rotary seals, to prevent flushing (Carr 1965) . The results were close to the 62.8-66.5 range reported for laboratory-prepared, forced air convection-dried wheat DDGS samples with 15-45% CDS levels (Mosqueda et al. 2013b ). However, the results were closer to the values associated with samples having 45% CDS (62.8 -64.0) than to those reported for samples with Table 5 . Floodability index 1 of wheat distillers dried grain with solubles at varying moisture levels (%, wet basis).
Samples were obtained from a Saskatchewan ethanol plant in two production batches (S1 and S2). Values in parentheses represent standard deviation (N = 2).
Sample batch Tukey's test at 5% significance level for S1 at varying moisture content (a, b, c) and for S2 at varying moisture content (x,y,z).
Comparison between S1 and S2 properties was only made at the 8% moisture level. Values followed by same letters are not significantly different. 2 Based on Carr classification system (Carr, 1965) .
15% and 30% CDS. Floodability index values of both wheat DDGS samples were within the range reported for commercial corn DDGS. Bhadra et al. (2009) reported a wider range of floodability index values for corn DDGS (53.2 -70.2) falling under the "inclined to flood" to "floodable" categories.
Contributing properties to the floodability index include flowability index, angle of fall, angle of difference, and dispersibility. The angle of fall (34.4 -36.7°) values classified both samples as floodable. Moisture content significantly affected the angle of fall values of S1, with low moisture samples (those 5.3% and 8.4% moisture content) having significantly higher angles of fall than those with 18.4% moisture. In terms of the angle of difference, the values of both samples (7.6 -10.7°) fell under the "could flood" to "inclined to flood" categories (Carr 1965 ). These were not significantly affected by moisture content. Lastly, both wheat DDGS samples had dispersibility values that ranged from 11.5% to 15.7% (Table 5) , classifying them as materials that are inclined to flood (Carr 1965) . In S1, dispersibility was significantly affected by moisture content, with the 5.7% moisture sample being more dispersible than the sample with 18.4% moisture. The effect of moisture content was not significant in S2. Samples with statistically similar moisture contents (8.4% sample 1, 8.7% sample 2) did not show significant difference in their angle of fall, angle of difference and dispersibility values. Thermal properties Table 6 shows that the wheat DDGS samples had low thermal conductivities (0.04 -0.05 Wm -1 K -1 ) at 23°C. These values were not significantly affected by moisture content. Samples with statistical similar moisture contents (S1 and S2 at 8% moisture level) did not also differ in their thermal conductivities. These values were about the same compared to those reported for the laboratory-prepared wheat DDGS with 15-45% CDS (0.05 Wm -1 K -1 ) but were slightly lower than the values reported by Rosentrater (2006) for commercial corn DDGS (0.06 -0.08 Wm -1 K -1 ).
Thermal diffusivity values varied from 1.40 x 10 -7 m 2 s -1 to 1.60 x 10 -7 m 2 s -1 (Table 6 ). The thermal diffusivity of S1 was significantly affected by moisture content while that of S2 was not. S1 sample with 8.4% moisture had significantly higher thermal diffusivity than that with 18.4% moisture. In samples with statistically similar moisture contents (S1 and S2 at 8% moisture level), S1 had significantly higher thermal diffusivity than S2. Differences in thermal diffusivity could be attributed to differences in density and porosity, which, in turn, are caused by differences in CDS:WDG blending proportions. Samples with lower CDS had significantly higher thermal diffusivity than those with higher CDS (Mosqueda et al. 2013b ). Similar to lower CDS samples, those with lower moisture content are also more porous compared to those with higher moisture. Since air has a much higher thermal diffusivity compared to water (Kostaropoulos and Saravacos 1997), materials having the same chemical composition but are more porous would tend to have higher thermal diffusivity than the less porous ones.
Thermal diffusivity of these plant-sourced samples were similar to those reported for the laboratory-prepared wheat DDGS samples (1.35 x 10 -7 m 2 s -1 to 1.65 x 10 -7 m 2 s -1 ), with higher CDS samples showing lower thermal diffusivity values (Mosqueda et al. 2013b ). Further, thermal diffusivity of wheat DDGS samples were also close to those reported by Rosentrater (2006) for commercial corn DDGS. Thermal diffusivity of corn DDGS ranged from 1.30 x 10 -7 m 2 s -1 to 1.50 x 10 -7 m 2 s -1 .
Moisture sorption behavior Figure 2 shows the adsorption isotherms of wheat DDGS samples at 3.6°C (0.2°C) and 22.8°C (0.5°C). The initial moisture contents (dry basis) of these samples were 5% (Fig. 2a) , 9% (Fig. 2b) , and 15% (Fig. 2c) . In all three-sample groups, water sorption increased with relative humidity and exhibited a behavior similar to the Type III isotherm (Brunauer et al. 1940) . Studies on corn DDGS also reported a Type III moisture adsorption behavior (Ganesan et al. 2008c; Kingsly and Ileleji 2009 ). The adsorption isotherms show that at relative humidity levels below 0.75 to 0.80, the sorption behavior of wheat DDGS was almost similar when stored under the 3°C and 22°C environments. Sorption capacity differences only became more noticeable at the higher relative humidity levels, where those stored at 3°C begun to show higher equilibrium moisture contents than those stored at 22°C. Table 6 . Thermal properties 1 of wheat distillers dried grain with solubles at 23°C and at the specified bulk density and moisture levels. Samples were obtained from a Saskatchewan ethanol plant in two production batches (S1 and S2). Values in parentheses represent standard deviation.
Sample batch
Moisture, % wet basis Bulk density, kgm
Thermal conductivity,
Thermal diffusivity, x 10 Under the higher temperature environment, sorption capacity decreased, indicating lesser attraction between the water molecules in the surrounding environment and the wheat DDGS.
In comparison with corn DDGS at similar temperature (20-22°C) and relative humidity (0.60 -0.80) ranges (Ganesan et al. 2008c) , the equilibrium moisture content values of wheat DDGS samples were higher than those reported for corn DDGS with 10% solubles but were lower than those with 25% solubles. At relative humidity levels higher than 0.80, however, the wheat DDGS samples registered higher values than the corn DDGS samples. Differences in the sorption capacity between the two sample types could be attributed to inherent differences in their chemical composition. Figure 2 also presents the predicted moisture sorption values using the Guggenheim, Anderson and de Boer (GAB) model. Table 7 shows the GAB and modified Halsey model parameters and the corresponding statistical parameters. The GAB model yielded the smallest standard error of the mean and mean relative percentage error and the largest F and R 2 values in almost all cases except for the 22°C-5% moisture treatment combination where the modified Halsey model showed slightly better values. The other four models did not perform as well as the GAB and the modified Halsey model. The Henderson and Chung Pfost models, for example, showed systematic patterns in their respective residual plots. Modified Oswin and Smith models also showed a few residual plots with systematic patterns. For the modified Oswin and Smith residual plots that showed random patterns, the resulting statistical parameters were less superior compared to those obtained for the GAB and modified Halsey models. The GAB model offered some advantages over the other empirical models. It was developed with a theoretical basis (Quirijns et al. 2005; Andrade et al. 2011) , being a "refined extension of the Langmuir and Brunauer-Emmett-Teller (BET) theories" of physical absorption (Quirijns et al. 2005) . It also described the sorption behavior of a wide variety of biological materials with water activities ranging from 0 to 0.90 (Almuhtaseb et al. 2002; Andrade et al. 2011) and its model parameters have physical meaning (Quirijns et al. 2005) . Table 8 shows the pellet density, specific energy consumption during compression and extrusion processes, and the Kawakita Ludde model parameters for wheat DDGS (S2). Pellet density varied from 1185 kg/m 3 to 1208 kg/m 3 and was not significantly affected by moisture content. These values were about 89 -91% of the particle density values presented in Table 2 . These values were also close to the reported pellet density of laboratory-prepared wheat DDGS with 45% CDS (1187-1210 kg/m 3 ) (Mosqueda et al. 2013b) .
Compression characteristics
Energy consumption during compression and extrusion processes ranged from 8. (Fig. 2a), 9% (Fig. 2b) , and 15% (Fig. 2c) . The Kawakita-Ludde model, which represented the compression characteristics of the laboratory-prepared, forced-air convection-dried wheat DDGS, also adequately described the compression behavior of plant-sourced wheat DDGS samples. The values of the model parameter d (Table 8) , which represents initial porosity of the sample, were almost similar to the bulk porosity values presented in Table 4 . Samples with 5.7% moisture content had significantly higher initial porosity than those with 8.7% and 13.20% moisture. The model parameter f -1 , on the other hand, is associated with failure stress. It varied from 0.96 MPa to 2.67 MPa and was significantly affected by moisture content. Samples with 5.7% and 8.7% moisture, for example, had significantly higher failure stress (higher f -1 values) than those with 13.2%. Similarly, those with 8.7% initial moisture also showed significantly higher f -1 values than samples with 13.2%. This observation was consistent with the results reported by Tumuluru et al. (2010) , where higher pellet durability was achieved at lower feed moisture content and higher die temperature. Table 9 shows the coefficient of static friction of both samples on different surfaces using the tilting table. The static friction coefficient of wheat DDGS varied from 0.28 to 0.48 on a stainless steel surface, 0.49 to 0.54 on concrete, and 0.56 to 0.65 on wood. The friction coefficient was lowest on stainless steel and highest when the sample was on a wooden surface with the wood grain perpendicular to the direction of sliding (0.62-0.65).
Frictional properties
In both samples, static friction coefficient was significantly affected by the interaction between moisture content and the type of surface over which the samples moved. At all moisture levels, the static friction coefficient on stainless steel was the smallest as its relatively smooth surface offered lower resistance compared to the rougher surfaces of concrete and wood. In general, the static friction coefficient on wood, with the grain perpendicular to the direction of motion, was significantly higher compared when the wood grain was along the direction of motion. This was observed in almost all of the moisture levels in both samples, except for the two higher moisture levels in S2 where both wood surfaces gave statistically similar friction coefficients. For the same surface, samples with higher moisture content gave significantly higher static friction coefficients than those with lower moisture. This was observed in all surfaces, except in S1 where the static friction coefficient of wheat DDGS on wood, particularly those obtained when wheat DDGS moved perpendicular to the wood grain, did not show significant difference across the three moisture levels.
Equation 5 adequately described the relationship between normal stress (σ) and shear stress (τ) as indicated by R 2 values in Table 10 . The coefficient of wall friction and the adhesion values reflected in Table 10 were derived from the resulting coefficients of Eq. 5. Coefficient of wall friction of wheat DDGS samples at about 13-13.5% moisture varied from 0.252 to 0.282 on galvanized steel, 0.283 to 0.312 on Teflon, and from 0.205 to 0.357 on polypropylene surface. The wheat DDGS coefficients were lower compared to those found for chickpea flour with 10.6% moisture (Emami and Tabil 2008) on steel and Teflon surfaces. Adhesion of wheat DDGS was highest on the steel surface. CONCLUSION This study assessed the proximate composition and the effect of moisture content on the physical properties of commercially-sourced wheat distillers dried grain with solubles (DDGS). Proximate composition of samples obtained from two production batches of the same ethanol plant differed significantly.
When moisture content was increased, bulk density increased while particle density and compressibility decreased consistently in both samples. The effect of moisture content on the other physical properties was more apparent in the sample batch that has a wider moisture content range. Samples evaluated at statistically similar moisture content showed significant difference in their uniformity coefficient and thermal diffusivity. Table 10 . Coefficient of wall friction and adhesion of wheat distillers dried grain with solubles on galvanized steel, Teflon, and polypropylene surfaces. Samples were obtained from two production batches (S1, S2) of the same ethanol plant (N=3). Values of the physical properties measured for the plantsourced samples were close to the ranges previously reported for laboratory-prepared, forced-air convectiondried wheat DDGS samples. In comparison with published values of corn DDGS, the wheat DDGS samples in this study had lower bulk density, were smaller in size, darker in color, slightly less flowable, and slightly more floodable.
Moisture sorption and compression characteristics of wheat DDGS were adequately represented by the Guggenheim, Anderson and de Boer (GAB) and Kawakita-Ludde models, respectively.
